DExD/H-box helicase 9 (DHX9/RNA helicaseA) is ubiquitously expressed ATP-dependent helicase that unwinds a variety of complex DNA and RNA secondary structures, suggesting it might have a role in DNA replication and the repair of DNA damage. Here we identify a pivotal role for DHX9 in homologous recombination (HR). Cells that are deficient in DHX9 are impaired in the generation of single stranded DNA (ssDNA) by DNA end resection. Consequently these cells fail to recruit RPA and RAD51 to sites of DNA damage and are hypersensitive to treatment with the DNA damaging agents camptothecin and Olaparib. A critical early step in the initiation of HR is the recruitment of BRCA1 mediator protein to DNA damage to promote DNA resection. We show here that recruitment of BRCA1 to DNA damage foci is dependent on its interaction with DHX9 to form the BRCA1-D complex, which binds to nascent RNA. Together our data identify a pivotal role for DHX9 in homologous recombination and highlight the important contribution of RNA in the recruitment of BRCA1 to DNA damage for the repair of DNA breaks DHX9 is an SF2 type DExH-box helicase, which has two binding sites for double-stranded RNA in its Nterminal region and a glycine-rich RGG region that enables it to bind single-stranded nucleic acid(1). Biochemical studies, in vitro, have shown that DHX9 unwinds DNA and RNA substrates with a 3' to 5' polarity, with a preference for RNA that has a 3' single-stranded tail(6). It also unwinds a variety of complex nucleic acid secondary structures including RNA-DNA hybrid, D-loops, DNA forks and RNA and DNA guanine quadruplexes (G4-DNA/RNA)(6,7). In cells, DHX9 localizes to origins of replication and its suppression causes replicative stress leading to the hypothesis that it may play a role in DNA replication(1). DHX9 also exhibits functional similarities with the BLM and WRN helicases(8) and interacts with several DNA repair proteins, including BRCA1(9) and Ku86(10), suggesting that it could also play a role in the maintenance of genomic stability. However, a defined role for DHX9 in the processing and repair of DNA damage has not yet been demonstrated.
Introduction
DHX9 is a multifunctional DNA/RNA helicase that has been implicated in a variety of cellular functions that are primarily linked to the transcription and processing of RNA (1) . In cells, DHX9 promotes the assembly of RNA binding proteins on newly transcribed RNA (2) and resolves large RNA secondary structures that arise after transcription of genomic inverted Alu repeats (3) . In mice, homozygous deletion of DHX9 results in embryonic lethality (4) and in human diploid fibroblasts, suppression of DHX9 leads to blocked replication, P53-mediated arrested growth and senescence (5) , indicating that it performs an essential function. Conversely, upregulation of DHX9 is required for tumour growth in multiple tumour types.
G2 phases the latter functions throughout the cell cycle. Both pathways contribute to the repair of canonical dsb, for example caused by exposure to IR or the action of endonucleases. However, breaks resulting from collapsed replication forks, such as those caused by the topoisomerase inhibitor camptothecin, are one-ended and require HR. In the absence of HR these breaks may be ligated to unrelated DNA ends through a long-range end-joining pathway mediated by 53BP1 causing the generation of potentially harmful translocations (11, 12) .
An increasing body of evidence suggests that RNA and RNA processing proteins play a role in the repair of DNA breaks (13) . DNA damage response small non-coding RNAs (DDRNA) and damage-induced long non-coding RNAs (dilncRNA), which are transcribed in the vicinity of DNA breaks, promote the recruitment of DNA repair factors to DNA damage and may also bridge broken DNA ends to facilitate their repair. Some of these RNAs require processing by DROSHER and DICER indicating a potentially important role for the RNA interference pathway in the repair of DNA breaks (14, 15) . Although, RNA and RNA processing proteins influence the dsb-break repair, a consensus mechanism through which this occurs is yet to emerge. For example, while several RNA helicases have been found to associate with DNA damage it is unclear how RNA unwinding promotes the repair of dsb.
Here, we show that the RNA helicase DHX9 is required in the repair of DNA damage by the HR pathway. DHX9 accumulates at sites of DNA damage where its unwinding activity is required to promote the resection of broken DNA ends and binding of the single strand binding complex RPA. Moreover, DHX9 plays a critical role in the recruitment of BRCA1 to DNA damage through a mechanism that links the repair of dsb to newly transcribed RNA.
Results

DHX9 is redistributed in response to DNA damage.
To determine if DHX9 is a component of the DDR we analysed its distribution in cells before and after treatment with DNA damaging agents. Cells were treated with camptothecin or ionizing radiation (IR) and then fixed and extracted to remove proteins that were not associated with chromatin. Cells were stained with antibody against DHX9 and its cellular distribution was visualized by fluorescence imaging. Treatment of cells with camptothecin caused DHX9 to accumulate in discreet nuclear foci ( Figure 1A ). These foci colocalized significantly with the phosphorylated form of histone H2AX (gH2AX), confirming that DHX9 is recruited to sites of DNA breaks ( Figure 1B ,C). However, unlike the phosphorylation of H2AX, which occurs within 30 minutes (16, 17) , the accumulation of DHX9 in nuclear foci was detected approximately 2 hours after exposure to DNA damage. This suggested that recruitment of DHX9 to DNA lesions might be a late event in the DDR, occurring after the initial detection and processing of DNA damage. Alternatively, DHX9 might only accumulate at sites of persistent DNA damage, which are difficult to repair. Although DHX9 foci were also detected in cells treated with IR, they did not significantly co-localize with gH2AX ( Figure 1D ). This might reflect a qualitative difference in the DNA breaks generated by IR and camptothecin, but could also be explained if DHX9 also forms foci at lesions other than DNA breaks.
In vitro, DHX9 exhibits a preference for unwinding RNA substrates and in cells it associates with nascent RNA during transcription (2, 6) . It was interesting, therefore, that DNA damage induced DHX9 foci were greatly diminished in cells treated with RNaseA to degrade RNA (Supplementary Figure S1A-D). DHX9 foci were not affected in cells treated with RNaseH1 to degrade RNA-DNA hybrid. We concluded that the dynamic accumulation of DHX9 into foci in response to DNA damage is dependent, at least in part, on RNA.
DHX9 is required for the homology dependent repair of DNA breaks.
We next determined if DHX9 contributes to the repair of DNA damage. We used two different siRNAs to deplete DHX9 in U2OS cells and measured their sensitivity to different DNA damaging agents ( Figure  2A ). DHX9-defective cells were hypersensitive to treatment with camptothecin and etoposide, which inhibit Topisomerase I and topoisomerase II, respectively. They were also hypersensitive to Olaparib, an inhibitor of Poly-ADP ribose polymerase 1 (PARP1) ( Figure 2B -D). By contrast, DHX9-defective cells were not sensitive to DNA damage caused by exposure to IR ( Figure 2E ).
Camptothecin, etoposide and Olaparib trap topisomerase I, topisomerase II and PARP1 on chromatin, respectively, causing stalling and collapse of replication forks and the generation of one-ended DNA breaks (oeb). Since oeb are commonly repaired by HR we hypothesized that DHX9 might play a role in HR mediated repair. Therefore, we used the established pDR-GFP cell reporter assay to measure HR-mediated repair of dsb induced by expression of I-Sce1 restriction enzyme (18) . Cells knocked down for DHX9 exhibited a 50-70% reduction in HR-mediated repair of I-Sce1-induced dsb compared to wild type cells ( Figure 2F ). This was comparable with the HR defect measured for cells depleted of BRCA1, an important mediator protein for HR. Moreover, both HR-mediated dsb repair and resistance to Olaparib were restored in cells knocked down with an siRNA targeted to the 3'utr of DHX9 by overexpression of siRNA-resistant DHX9 cDNA from a plasmid, but not in cells expressing D990A DHX9 mutant protein that is specifically defective in its helicase activity ( Figure 2D ,G). This confirmed that the unwinding activity of DHX9 is critical for the repair of dsb by HR and prevents hypersensitivity to agents that introduce replication-blocking lesions into the genome.
DHX9 promotes DNA end resection via its helicase activity.
Repair of dsb by HR requires that broken DNA ends are first resected to generate regions of single stranded DNA (ssDNA), which are bound by single-strand binding protein complex RPA, protecting them from degradation. RPA is subsequently replaced on DNA by RAD51 recombinase, which catalyses DNA strand exchange and drives HR. To determine whether DHX9 is required in these early steps of the HR pathway we treated cells with IR and with camptothecin and used fluorescence imaging to detect gH2AX and RPA as a measure of DNA breaks and DNA end resection, respectively ( Figure. 3A and B). Treatment with camptothecin induced similar levels of gH2AX foci in wild type cells and in cells depleted in DHX9, reflecting the generation of equivalent numbers of dsb ( Figure 3A ). However, cells that were depleted of DHX9 had many fewer RPA foci than did wild type cells, suggesting that DHX9 is required in the generation of ssDNA by DNA resection ( Figure 3B , Supplementary Figure S1E ). We then established that the generation of ssDNA required the helicase activity of DHX9 DNA by showing that RPA foci were restored to cells overexpressing wild type siRNA-resistant DHX9 cDNA from a plasmid but not the 'helicase dead' D990A mutant DHX9 ( Figure 3C ). Western blot analysis also confirmed that the level of RPA bound to chromatin was greatly reduced in cells depleted of DHX9 compared to control cells ( Figure 3D ). Finally, we used a BrdU staining assay to quantify ssDNA more directly, which confirmed that the generation of ssDNA was markedly reduced in DHX9 defective cells (Supplementary Figure S1E ). Resection of DNA ends and binding of RPA are prerequisite for the recruitment of RAD51 to sites of DNA damage. Accordingly, cells knocked down in DHX9 were also greatly impaired in the formation of RAD51 foci in response to camptothecin-induced DNA damage ( Figure 4A ).
Although cells depleted of DHX9 were reduced in the recruitment of RPA and RAD51 to IR-induced DNA breaks (Supplementary Figure S2A -F), this defect was markedly smaller than that observed with camptothecin-induced damage. This was consistent with our earlier finding that colocalization of DHX9 with gH2AX is significantly less with IR-induced damage than with camptothecin damage. While it is possible that the pathways for resecting DNA damage generated by camptothecin and IR might be different in their requirement for DHX9, this difference might also reflect a greater contribution for NHEJ in the repair of IR-induced DNA breaks.
Resection of DNA ends is initiated by CTIP (19, 20) and the MRN (MRE11-RAD50-NBS1) nuclease complex and is subsequently extended in the 3' direction by EXO1 exonuclease, or through a combination of DNA2 and BLM (reviewed in (21) ) . To determine whether the contribution of DHX9 to the generation of ssDNA is through classical DNA end resection we looked at whether DHX9 is in the same genetic pathway as CTIP and MRE11. We confirmed that in wild type cells the majority of RPA foci generated in response to treatment with camptothecin were dependent on the activity of CTIP ( Figure 4B ). More than 50% of these foci were also dependent on DHX9. Since the mean number of RPA foci was not further diminished in cells depleted of both CTIP and DHX9, compared with cells depleted of CTIP alone, we concluded that DHX9 and CTIP function in a common pathway for the generation of ssDNA. Importantly, knockdown of DHX9 did not affect cellular levels of CTIP or BRCA1 as was reported for cells knocked down for the splicing factor SF3B1.
Mre11 was also required in the generation of RPA in response to camptothecin-induced DNA damage. However, its contribution to the formation of RPA foci was significantly less than that of either DHX9 or CTIP ( Figure 4B ). Nevertheless, because DNA resection was similar in cells depleted of both MRE11 and DHX9 as those impaired in DHX9 alone, we concluded that MRE11 and DHX9 also function in a common genetic pathway for the generation of ssDNA. Our data, suggest that DHX9 functions in the resection of DNA ends that is critical for the assembly of RAD51 nucleoprotein filaments to drive the HR pathway.
DHX9 responds to signalling by ATR and ATM
We next addressed whether DHX9 responded to signalling by the DNA-damage signalling kinases ATM and ATR. In cells treated with camptothecin, knockdown of ATR and knockdown of DHX9 caused a similar decrease in RPA foci. Since knockdown of DHX9 and ATR together caused no further reduction in RPA foci we inferred that DHX9 mediated end resection responds to the ATR signalling pathway ( Figure 4C ). Knockdown of ATM in U2OS cells also impaired the generation of RPA foci in response to camptothecin-induced DNA damage. However, this defect was less severe than that caused by depletion of either DHX9 or ATR, confirming that ATR plays a bigger role than ATM in promoting DNA end resection in response to camptothecin-induced DNA damage. Nevertheless, since knockdown of DHX9 was epistatic to ATM for the recruitment of RPA, we concluded that these proteins also function in a common pathway. Hence, our genetic analysis supports the hypothesis that DHX9 promotes resection in response to signals from both ATM and ATR, but that ATR-dependent signalling comprises the major pathway for signalling camptothecin-induced DNA damage.
DHX9 interacts with BRCA1 in response to DNA damage
Repair of DNA breaks by HR is dependent on the key mediator protein BRCA1 (22) . Cells that are defective in BRCA1 are impaired in DNA resection and fail to recruit RAD51 to sites of DNA damage. Cells knocked down for both BRCA1 and DHX9 exhibited a similar defect in HR mediated repair of I-Sce1 induced DNA breaks to cells depleted for these proteins individually. Hence, DHX9 and BRCA1 operate in the same genetic pathway for HR ( Figure 5A ). Accordingly, we detected increased colocalization of DHX9 and BRCA1 in DNA damage foci induced by camptothecin ( Figure 5B ). Moreover, the accumulation of BRCA1 in DNA damage foci was abrogated in cells knocked down for DHX9 using siRNA, indicating that DHX9 is required for the localization of BRCA1 at sites of DNA damage ( Figure 5C ,D). Since expression of the helicase dead D990A mutant of DHX9 did not restore BRCA1 foci in these cells, we inferred that the unwinding activity of DHX9 is important for the localization of BRCA1 to DNA damage ( Figure 5E ).
It was previously reported that DHX9 interacts with the c-terminal domain of BRCA1 in GST pull down experiments and in a yeast two hybrid assay (9, 23) . However, although very little endogenous BRCA1 co-immunoprecipitated with DHX9 in unperturbed cells ( Figure 6A ), their interaction was greatly enhanced in cells exposed to DNA damage (camptothecin, hydroxyurea and IR). Moreover, binding of BRCA1 to DHX9 was resistant to treatment with RNaseA indicating that is not mediated through RNA. We term this complex BRCA1-D (BRCA1-DHX9).
DHX9 has also been shown to bridge BRCA1 to the RNA Polymerase II holoenzyme (9) . We recently showed that DHX9 recruits various proteins to RNA Pol II by facilitating their binding to nascent RNA (2) . We confirmed that co-immunoprecipitation of BRCA1 with RNA Pol II is dependent on DHX9 and showed that this interaction was mediated by RNA ( Figure 6B ). While DHX9 and BRCA1 both coimmunoprecipitated with RNA Pol II, BRCA1 was greatly absent in samples that were treated with RNaseA and only a very small amount of DHX9 was retained. Furthermore, co-purification of BRCA1 with RNA Pol II was significantly reduced in cells that were depleted of DHX9. From this we infer that BRCA1 is recruited to the RNA Pol II transcription complex through its association with RNA and this recruitment requires DHX9.
In light of our biochemical analysis showing that DHX9-dependent recruitment of BRCA1 to RNA Poll II is dependent on RNA we examined whether the accumulation of BRCA1 in DNA damage induced foci was also dependent on RNA. Indeed, DNA damage induced BRCA1 foci were greatly diminished in cells treated with RNaseA, indicating that RNA is a component of these foci (Figure 5C ,D). Together these observations suggest that a significant proportion of BRCA1 is recruited to chromatin by DHX9 as BRCA1-D and is mediated through its association with RNA. Furthermore, since BRCA1 plays a critical role in the initiation of DNA-end resection our data indicate that the impaired HR in cells depleted of DHX9 is explained by their failure to recruit BRCA1 to DNA damage.
DHX9 contributes mechanistically to HR
Although BRCA1 is a key mediator of HR, it does not play an essential mechanistic role in the repair of dsb by this pathway. Instead it plays a critical role in channeling dsb for repair by HR and suppressing repair by 53BP1-mediated DNA end-joining in a process called pathway choice. This was established by showing that HR was restored in BRCA1-defective cells in which 53BP1 was mutated (11, 24) . Since DHX9 promotes the recruitment of BRCA1 in response to DNA damage we examined whether depletion of 53BP1 might also restore HR in cells that were knocked down for DHX9. However, this was not the case. In DHX9 depleted cells, neither, the defect in HR ( Figure 2G ), nor the defect in DNA resection ( Figure 6C ) was restored by the additional depletion of 53BP1. This was also true for hypersensitivity of DHX9 defective cells to PARP inhibitors ( Figure 6D ). Hence, we conclude that DHX9 does not promote HR simply by recruiting BRCA1 to sites of DNA damage to suppress 53BP1, but probably also contributes mechanistically to the repair of dsb by the HR pathway.
Discussion
We have identified a critical role for DHX9 in the repair of DNA breaks by the HR pathway. We have demonstrated that DHX9 functions early in the HR process to promote the resection of broken DNA ends to ssDNA that is bound by RPA and subsequently by RAD51. Central to this function is the interaction of DHX9 with BRCA1 to form the BRCA1-D complex. We have shown that BRCA1-D is assembled in response to DNA damage, possibly through signalling by ATR/ATM kinases and is required for the recruitment of BRCA1 to sites of DNA damage. Consequently, cells lacking DHX9 are impaired in resection and in the repair of dsb by HR and are also hypersensitive to agents such as camptothecin and Olaparib, which generate replication blocking lesions.
Our data are consistent with a model in which BRCA1-D delivers BRCA1 to DNA damage where it can initiate DNA end resection. Previously, we showed that BRCA1 facilitates end resection by stimulating the activity of CTIP. This is consistent with our genetic data showing that DHX9 and CTIP operate in a common pathway for DNA resection that also requires DNA damage signalling by ATR/ATM. The initiation of HR for pathway choice, not only requires upregulation of DNA end resection but also the suppression of 53BP1-mediated end-joining by BRCA1. By recruiting BRCA1 to DNA damage, DHX9 is likely to be critical for pathway choice. However, since the HR defect in DHX9-depleted cells is not suppressed by knocking down 53BP1, we conclude that DHX9 must makes an additional mechanistic contribution to DNA end resection that is yet to be determined.
Interestingly, the contribution of DHX9 to DNA end resection is different depending on the type of DNA damage. While DHX9 co-localized with DNA breaks caused by camptothecin and Olaparib it did not co-localize with breaks introduced by treating cells with IR. Similarly DHX9-depleted cells were more profoundly defective in the resection of camptothecin induced DNA damage than that of IR. Accordingly, DHX9 defective cells are markedly more hypersensitive to treatment with camptothecin and Olaparib, than to IR. This might reflect a specific requirement for DHX9 in the processing of oneended DNA breaks caused by collapsed replication forks that require repair by HR, compared with canonical two-ended DNA breaks, which are primarily repaired by NHEJ.
Our identification of DHX9 as a factor in DNA resection provides a direct link between HR mediated double strand break repair and RNA metabolism. DHX9 facilitates the assembly of RNA splicing factors on nascent RNA and we have shown here that DHX9 recruits BRCA1 to nascent RNA as part of the RNA Pol II transcription complex (2) . Importantly these two proteins function as a bone fide complex since neither DHX9 nor BRCA1 bind to nascent RNA in the absence of the other. Moreover, since this complex is formed in response to DNA damage, it might serve as an important step in the regulation HR.
Intriguingly, recruitment of DHX9 and BRCA1 into DNA damage foci is also dependent on RNA. DNA damage foci formed by 53BP1 and MDC1 are also dependent on locally transcribed DDRNA, which do not play a role in the initial detection of DNA damage but are needed for secondary recruitment of DDR factors through a mechanism that is currently unknown (14, 15) . We have established here that nascent RNA is critical for the recruitment of BRCA1 to DNA damage and that this requires the assembly of the BRCA1-D complex as part of the DDR. Moreover, since DHX9 bridges the association of BRCA1 with RNA Pol II holoenzyme that the initiation of DNA end resection by BRCA1-D could be linked to slowing or paused transcription in regions of DNA damage (23) . This is not unprecedented as BRCA1, together with another RNA helicase senataxin (SETX), have been shown to promote the repair of R-loop based DNA damage at transcriptional pause sites (25) . It is possible, therefore, that BRCA1-D and BRCA1/SETX are manifestations of the same, or similar, transcription dependent repair activity.
Our work adds DHX9 to a growing number of RNA binding proteins that have been implicated in the maintenance of genome stability and the repair of DNA breaks. Importantly we have shown how DHX9 links RNA and RNA Pol II to the repair of DSB through the assembly of the BRCA1-D complex. Our demonstration that BRCA1-D, like BRCA1-A and BRCA1-C, plays a pivotal role in DNA end resection highlights the importance of this step in the regulation of dsb repair and uncovers a key contribution played by RNA in the repair of DNA damage and the maintenance of genomic stability (20, (26) (27) (28) (29) .
Methods
Cell Culture
HeLa and U2OS cell lines were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and 5 % ampicillin. All cell lines were obtained from ATCC. Plasmids pCMV-DHX9-GFPSPARK is designated pGFP-DHX9 and was purchased from Stratech (sino-biologicals). pGFP-DHX9dead contains D511A and E512A mutations made by site directed mutagenesis of pGFP-DHX9 using Q5 Site Directed Mutagenesis system (New England Biolabs) according to manufacturer's instructions.
Antibodies, Chemicals and Reagents
SiRNA
The siRNAs were purchased from Dharmacon-ON-TARGET plus. Non-targeting siRNA Control-D-001810-01-05; DHX9-J-009950-07, DHX9utr-CTM-310164 and CTM-478066; 53BP1-J-003548-07; BRCA1-J-003461-09, ATR-L-003202-00, ATM-L-0030201-00, CTIP-J-011376-07, MRE11A-J-009271-07.
Homologous recombination assay by FACS
75,000 cells were plated in 6-well plate overnight and transfected with siRNA. After 48 hours 2µg of the I-SceI expression vector pCBASce was transfected into cells. After a further 48 hours cells were harvested and the number of GFP-positive cells was measured by flow cytometry (Fortessa-BD Biosciences). For complementation experiments, plasmid expressing wild type of mutant DHX9 was transfected simultaneously with incubation of siRNA.
Immunoprecipitation
Prior to immunoprecipitation, primary antibody was incubated with Dynabeads protein G beads (Invitrogen) overnight at 4 °C. Cells were lysed using Lysis Buffer (150 mM NaCl, 0.5% Triton X-100, 50 mM Tris-HCl pH 7.5, NaCl, 1 mM EDTA, 5% glycerol and 0.1% SDS) supplemented with protease and phosphatase inhibitor cocktails (Thermo Scientific). Lysed cells were passed through 23G needle 10 times on ice and incubated for 30 mins at 4 °C with shaking. For BRCA1, 500mM NaCl was included in the lysis buffer. Where indicated 3 µl of RNaseA was added to 1 ml of extract and incubated at 37 °C for 30 mins. Supernatant was cleared by high speed centrifugation at 14,000 rpm at 4 °C in a benchtop microcentrifuge. The cleared lysate (1 mg) was added to the antibody-Dynabead complex and incubated at 4 °C with rotation for between 4 and 12 hours. Immunocomplexes were separated using a magnet, washed three times in lysis buffer, boiled in sample buffer and loaded on a 4-12% Bis-Tris polyacrylamide gel (Invitrogen). Proteins were transferred to PVDF membrane using a Novex transfer system (Invitrogen) and immunoblotted using the indicated antibodies.
Immunofluorescence microscopy U2OS cells were seeded on coverslip overnight, non-chromatin bound proteins were pre-extracted using 0.5% TritonX-100 CSK buffer (25 mM Hepes pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose) for 2-5 mins on ice and then fixed with 3.7% paraformaldehyde. For RNase A treatment, cells were either treated for 30 mins at room temperature before or after fixation with RNase A (200 µg in 500µl PBS). Cells were washed three times in PBS and permeabilized for 10 mins in 0.5% Triton X-100/PBS. After three additional PBS washes, cells were blocked using 1-3% BSA/PBS for 30 mins. Cells were incubated with primary antibody (as indicated above), followed by the addition of Alexa Fluor-488 or -568 or 647 conjugated secondary antibodies (1:1,000) . To visualize nuclei, cells were also stained with 0.5 µg/ml DAPI (Molecular Probes) for 15 mins. Slides were mounted using Prolong gold anti-fade reagent (Invitrogen) and images were acquired using a Delta vision DV4 widefield deconvolution microscope with a 100X objective. Where indicated, cells were treated with 1 nM to 5 µM camptothecin and incubation for various times, after which cells were washed with PBS, prepermeabilized, fixed and processed as above.
Cells were seeded on cover slips and grown overnight and then transfected with siRNA for 6 hours the media changed and then cells grown for a further 48 hours. Where indicated plasmid expressing wild type DHX9 or S990A mutant was transfected using lipofectamine 2000 reagent (Invitrogen) for 48 hours. Images were analyzed using a Delta Vision microscope and quantified using image J software.
Image Analysis-Colocalization between X protein and Y protein was assessed in single-cell regions using SoftWoRx (version 5.5.0, release 6). A rectangular selection was defined for each cell in deconvolved images and the Pearson coefficient of correlation was calculated for the volume. Nuclear foci counting macro. An ImageJ macro was used to count green and red foci inside nuclei. Nuclei were automatically detected in the DAPI channel using the Default ImageJ auto-thresholding method, and foci in the red and green channels were counted using ImageJ's "Find Maxima" feature with a user-defined Prominence above background.
ssDNA detection assay by Immunofluorescence
Cells were grown on microscope slides overnight. siRNA knockdown was performed as above and cells were incubated with 10 µM BrdU 24 hrs. 1 µM camptothecin was added in the media for 2 hours and then washed out with PBS. Cells were pre-permeabilized in ice for 5 mins then fixed and treated as above using non-denaturing conditions. Cells were incubated with primary antibody against BrdU overnight then washed and secondary antibody added as above. Images were captured with a Delta vision DV4 wide-field deconvolution microscope using a 40 × objective.
Cell growth assay U2OS cells were transfected with siRNA for 48 hours as above. 5,000 cells per well were seeded into a 12-well plate (time 0). At the indicated times, cells were recovered from the monolayer using trypsin and counted using Casey Cell Counter. Where indicated camptothecin and Olaparib were included in the medium and replenished every three days. Etoposide was added to medium for 12 hours and then replaced with fresh medium. Growth curves were plotted using data from three to six independent biological replicates.
Flow Cytometry
Analysis of RPA staining by FACS was performed as described in (Jackson et al paper, Cytometry A. 2012 Oct; 81A(10): 922-928. Published online 2012 Aug 14. doi: 10.1002/cyto.a.22155) with a few modifications. Firstly, non-chromatin bound proteins were extracted with 0.5% Triton X-100 (PBS-T) for 15 min on ice followed by fixation in 4% para formaldehyde and then permeabilized for 30 mins at room temperature. After washing in PBS the cells were incubated with primary and secondary antibody subsequently, washed and stained with 0.02 % sodium azide, 250 μg/ml RNase A and 2 μg/ml of 4ʹ,6-diamidino-2-phenylindole (DAPI) in PBS for at least 30 min at 4°C prior to analysis using a Fortessa flow cytometer (Beckton Dickinson). Data was collected from more than 3 independent experiments and quantified using Prism v6 (GraphPad Software).
Cell Fractionation
Briefly, 3 × 10 6 HeLa cells per condition were collected and suspended in 250 µl of buffer A (10 mM HEPES pH 7.8, 10 mM KCl, 1.5 mM MgCl2, 0.25 M sucrose, 10% glycerol, 1 mM DTT, 0.1% Triton-X-100, protease and phosphatase inhibitors) and incubated for 5 min on ice. The soluble cytoplasmic fraction (S1) was separated from the nuclei (P2) by centrifugation for 4 min at 1700 × g at 4°C. The nuclear fraction P2 was washed twice with 500 µl buffer A and suspended in 200 µl buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, phosphatase and protease inhibitors) and incubated at 4 °C for 30 min. The insoluble chromatin fraction (P3) was separated from nuclear soluble proteins (S3) pellet by acidextraction using 0.25 N HCl and incubated on ice for 30 min. The lysate was then centrifuged at 16,000 x g for 15 min at 4°C. The supernatant (contains acid soluble proteins) was neutralized using 1 M Tris-HCl pH 8 using 1:5 volume. 25 µg of the protein was loaded in 4-12% Bis-Tris gradient polyacrylamide gel and transferred onto PVDF membrane (Millipore). Membranes were blocked in PBS with 0.1% Tween 20 and probed with respective primary antibodies. Bound proteins were detected with Pierce ECL western blotting substrates and developed with x-ray film (Konica Minolta).
Data processing and statistical analysis
Values are shown with the standard deviation from at least three independent experiments unless indicated otherwise. Data were analyzed and, where appropriate, the significance of the differences between the mean values was determined using two-tailed Mann-Whitney unpaired t-test (**P≤0.01, ****P≤0.0001 ) or one-way Anova test as indicated. All statistics were performed using Prism v6 (GraphPad Software).
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